After growth on various carbon sources, sonic extracts of Hydrogenomonas facilis contained ribulosediphosphate (RuDP) carboxylase and phosphoribulokinase (Ru5-P kinase). After very short sonic treatment, a reductive adenosine triphosphate (ATP)-dependent incorporation of 14CO2 was also detectable. Reduced nicotinamide adenine dinucleotide (NADH2) served as reductant 30-fold more effectively than reduced nicotinamide adenine dinucleotide phosphate (NADPH2). Adenosine 5'-phosphate (AMP) and adenosine 5'-pyrophosphate (ADP) inhibited Ru5-P kinase and NADH2-, ATP-dependent CO2 fixation. The levels and duration of CO2 fixation suggested that it is a cyclic process. The requirement of reduced pyridine nucleotide and ATP and the sensitivity of fixation to AMP and ADP support the conjecture that it occurs via the Calvin cycle. After thorough study of variables affecting catalysis, specific activities (millimicromoles of substrate disappearing per milligram of protein) at 30 C were determined for RuDP carboxylase (C), Ru5-P kinase (K) and ATP-, NADH2-dependent CO2 fixation (CO2 F) after growth autotrophically on fructose, glucose, ribose, glutamate, lactate, succinate, and acetate.
After growth on various carbon sources, sonic extracts of Hydrogenomonas facilis contained ribulosediphosphate (RuDP) carboxylase and phosphoribulokinase (Ru5-P kinase). After very short sonic treatment, a reductive adenosine triphosphate (ATP)-dependent incorporation of 14CO2 was also detectable. Reduced nicotinamide adenine dinucleotide (NADH2) served as reductant 30-fold more effectively than reduced nicotinamide adenine dinucleotide phosphate (NADPH2). Adenosine 5'-phosphate (AMP) and adenosine 5'-pyrophosphate (ADP) inhibited Ru5-P kinase and NADH2-, ATP-dependent CO2 fixation. The levels and duration of CO2 fixation suggested that it is a cyclic process. The requirement of reduced pyridine nucleotide and ATP and the sensitivity of fixation to AMP and ADP support the conjecture that it occurs via the Calvin cycle. After thorough study of variables affecting catalysis, specific activities (millimicromoles of substrate disappearing per milligram of protein) at 30 C were determined for RuDP carboxylase (C), Ru5-P kinase (K) and ATP-, NADH2-dependent CO2 fixation (CO2 F) after growth autotrophically on fructose, glucose, ribose, glutamate, lactate, succinate, and acetate. Values for these growth modes were, respectively-for C: 67. 3 Carbon dioxide assimilation by facultative autotrophs poses an extremely interesting problem of metabolic regulation. Such organisms are genetically competent to produce the complex array of enzymes required for both heterotrophism and autotrophism. Presumably, a complement of enzymes that functions uniquely in the reductive pentose phosphate pathway (Calvincycle) for CO2 fixation should be synthesized as part of the adaptation to autotrophism. Conversely, synthesis of the same complement should be suppressed during heterotrophic growth. Resultant levels of these enzymes might then control the relative amounts of CO2 fixed by various paths during heterotrophic and autotrophic growth.
Two enzymes that ostensibly function only in the Calvin cycle (6) Phosphoribulokiniase (RuS-P kinase) assays. Initially, the objective was to prepare ribulose-5-phosphate (Ru5-P) and to study catalysis by Ru5-P kinase directly. Repeated efforts to prepare the substrate by an enzymatic method (15, 16) failed because of our inability to obtain satisfactory purification of 6-phosphogluconate dehydrogenase from yeast. The success of the initial extraction seemed to depend upon the physical state of the dried Candida utilis preparation. Even when extraction was moderately successful, fractionation of the extract was rather different from that described in the literature. It seems likely that success of this procedure depends critically on use of the correct strain of yeast and on drying of the yeast.
Eventually, another assay of Ru5-P kinase was developed. In it, R5-P was added to each of several samples of extracts of H. facilis, and conversion to RuS-P was permitted for 10, 20, and 30 min at 30 C. It was presumed that the subsequently measured Ru5-P kinase activities would be independent of this preincubation time if equilibration of R5-P and Ru5-P had occurred and if a saturating amount of RuS-P had been formed. After preincubation as described, the kinase-catalyzed reaction was initiated by the addition of ATP present in a mixture with H14CO3-and spinach RuDP carboxylase. In this way, limiting Ru5-P kinase was coupled with excess RuDP carboxylase, as the data will show. 14C incorporated into the acid-stable radioactive product, which the results will show to be PGA, was then measured.
The specific activity of Ru5-P kinase in each cell extract was measured only after apparently optimal conditions had been established. The final conditions chosen were as follows. Each preincubation mixture (0.1 ml) contained 1 jAmole of R5-P, 5 jumoles of MgCI2, 0.25 jumoles of GSH, 10 pmoles of Tris (pH 7.5), and cell extract having 0.1 mg of protein. A series of these mixtures was then incubated at 30 C for 10, 20 , and 30 min. Each preincubation mixture was then added to 0.15 ml containing 1.5 ,umoles of ATP, 5 umoles of H14CO3-, 5 ,umoles of Tris (pH 7.5), and excess spinach RuDP carboxylase (13.3 milliunits). In all cases, 20 milliunits of spinach RuDP carboxylase was used in addition to the standard dilution for the case involving 20-min preincubation. In this way, a check was provided in all assays to be certain that exogenous carboxylase was in excess. The final reaction mixtures were then incubated at 30 C for 5 min, and the reaction was quenched by the addition of 0.1 ml of 50% trichloroacetic acid (w/v). The control lacked R5-P and ATP, and was preincubated for 20 min.
Assays for ATP-, NADH2-dependent CO2 fixation. Because the prospect of correlating specific activities of RuDP carboxylase and Ru5-P kinase with that for CO2 fixation was attractive, the possibility of demonstrating cell-free CO2 fixation was explored. It was anticipated that CO2 fixation occurring via the Calvin cycle would require MgO, a reductant, and ATP (6). This proved to be the case, and optimal conditions with respect to these variables were established. Then extracts from H. facilis grown in various ways were assayed at pH 7.5 for CO2 incorporation. The reaction mixture of 0.5 ml contained, besides extract, the following components (in micromoles): MgCl, 6 ; NaH'4C03, 12 8.0 revealed that the amount of aerobic uptake of H"4COi-was about 80% that of anaerobic fixation, as established by data in Table 1 . The data also establish the marked dependenceuponRuDP. In both cases, 3-phosphoglycerate was found to be the only labeled product, as indicated by twodimensional descending paper chromatography and subsequent radioautography. Aerobic assays were subsequently conducted, for convenience. Figure 1 is a copy of a radioautogram representing aerobic RuDP carboxylation. Figure 2 illustrates the effect of varying the concentration of bicarbonate (at constant specific radioactivity) and magnesium ion. Variation of RuDP concentration resulted in saturation at 0.6 mm (Fig. 3) . Data in Fig. 2 No-Screen X-ray film for 18 days. A sample removed after catalysis by RuDP carboxylase (0.6 mg ofprotein) was added to a sheet of Whatman no. I paper along with carder 3-phosphoglyceric acid (PGA). The paper was then irrigated in the sequence, and direction is shown with isobutyric acid-ammonia-water (EDTA) and butanol-propionic acid-water, respectively (20) .
PGA was located by the method of Hanes and Isherwood (7) . Although the solvents were permitted toflow off the ends of the paper, separate experiments established that no other labeled products were detectable. tion and 5-min fixation described earlier are shown in Table 2 .
Data showing the dependence of the kinase reaction upon R5-P and ATP, obtained by use of extract from fructose-grown cells, are shown in Fig. 4 . Magnesium ion at 20 mm was used in these Fig. 5 . The observed inhibition, in this instance, may have been due to desaturation of the enzyme with respect to ATP or R5-P, or both. Figure 6 shows radioautographic evidence that the only radioactive product in the incubation mixture designed to measure Ru5-P kinase is phosphoglycerate, as would be expected. In this experiment, there was a hint of division of the major radioactive zone into two spots. However, the carrier 3-phosphoglycerate also gave a hint of two spots which were coincident with those on the film. Figure 7 shows the time course of incorporation of 14CO2 under the conditions employed for the kinase assay. It is evident that the rate of incorporation does not decrease with time for 15 min, indicating that inhibition due to the accumulation of ADP or AMP does not occur in the standard 5-min incubation time.
ATP 6 . Radioautogram prepared by exposing a twodimensional paper chromatogram to Eastman Kodak No-Screen X-ray film for 29 days. A sample was removed after a typical incubation to assay for RuS-P kinase in extracts from fructose-grown cells. All other conditions were exactly as described for Fig. 1 . Table 3 . Table  3 also establishes that the dependence of CO2 fixation upon reducing power was markedly specific for NADH2. NADPH2 was 3 % as effective. Table 4 summarizes data concerning the effect of MgCl2 and H14CO-on ATP-, NADH2-dependent '4CO2 incorporation by a cell-free extract of H. facilis. Figure 8 illustrates the dependence of incorporation on ATP and NADH2.
The rate of reductive ATP-dependent fixation measured as described earlier was essentially constant for the first 30 min (Fig. 9 ).
Specific activities of RuDP carboxylase, Ru5-P kinase, and ATP-, NADH-dependent CO2 fixation. The specific activities for all three processes in extracts from cells cultured on a variety of substrates are compared in Table 5 . In earlier experiments, RuDP (CalBiochem) used at saturating concentrations resulted in lower specific activities for RuDP carboxylase (14) for unknown reasons.
In the case of kinase assays, the data for ex- Table 6 provide presumptive evidence that decreased specific activities of both RuDP carboxylase and Ru5-P kinase were due to repression. In the case of the kinase, the additivity of enzyme units also supports the fact that there was linear dependence upon protein concentration.
Inhibition by AMP. Results shown in Table 7 reveal that Ru5-P kinase and ATP-, NADH2-dependent CO2 fixation are similarly inhibited by AMP. AMP has essentially no effect on the RuDP carboxylase-catalyzed reaction. It is evident also that ADP inhibits CO2 fixation and Ru5-P kinase.
DISCUSSION
Our discovery of an energy-dependent reductive fixation of carbon dioxide by extracts of H. facilis would afford an excellent means of examining the regulation of CO2 fixation if the process simulates that occurring with intact cells during autotrophic growth. Indeed, characteristics of the fixation closely resemble those expected of assimilation via the reductive pentose phosphate cycle known to function during autotrophic fixation by whole cells (4, 11) . For example, the observed inhibitions of fixation and Ru5-P kinase, a catalyst in the Calvin cycle, by AMP and adenosine 5'-pyrophosphate (ADP) strongly support the supposition that the CO2 fixation described occurs via the Calvin cycle, as does its dependence upon ATP (9, 10) . On the basis of the present work, it is very likely that one locus of the inhibiton is the step catalyzed by Ru5-P kinase.
It is of major interest from a comparative biochemical viewpoint that in H. facilis and the two other chemosynthetic bacteria examined to date (1, 2) NADH2 appears to be the reductant of CO2. The same is true in photosynthetic bacteria (20) . In contrast, work in a host of laboratories has indicated that the 02-evolving photosynthetic species utilize NADPH2 as the reductant of CO2. Horecker has suggested that use of NADH2 in reductive biosynthesis may be a very primitive property (8) . These observations, then, provide support for the conjecture that 02-producing photosynthetic species have evolved from chemosynthetic and anaerobic photosynthetic bacteria.
